The study analyses the intestinal helminth communities found in 645 red foxes of alpine populations from five areas of Northern Italy. In particular, the aim was to evaluate the contribution of both environmental variability and the structure of fox population (extrinsic and intrinsic factors, respectively) in shaping the structure and composition of the intestinal helminth communities. To identify the influence of the characteristics of the host (i.e. age and sex) together with extrinsic factors (year, site, season, and altitude of collection) on number of species, total load per fox, prevalence and abundance of each parasite species, general linear models were performed. Fifteen helminth species have been detected in the intestine of 545 infected animals (84.5%) with a total of 17,144 parasites collected. The analysis of factors influencing both prevalence and abundance of infection of the parasite species revealed the preponderance of extrinsic factors on intrinsic ones. In particular, geographical areas influenced prevalence and abundance of every parasite species, showing high spatial variability. The lower influence of host factors may suggest that, in this case, host dynamics play a trivial role with respect to spatial variability in determining parasite abundance. These results pointed out high prevalence of intestinal helminth infections in the Italian Alpine fox, confirmed the typical composition of parasite fauna within fox populations, underlined local differences in the structure and composition of the helminth communities. Moreover, this study highlights the major role of extrinsic factors vs intrinsic ones.
Introduction
The study concerning the structure of helminth communities, the relationships among parasite species, and the intercourses between parasites and the environment has recently been applied to ecological studies on the parasite fauna of different species among wild animals (Poulin 2001) . A parasite infection reflects the exposition and susceptibility of their host; thus, investigations on the composition and structure of their communities can be highly informative on the factors influencing the dynamics of parasite transmission. Conceptually, a parasite community can be defined as "all parasite individuals of all species within the host population" (Bush et al. 1997) . Nevertheless, it can be approached at different hierarchical levels; in fact, interactions between infrapopulations in an individual host, i.e. all members of a given parasite species within a single host, may determine how many parasite species can coexist within a single host (the infracommunity structure), and consequently in a parasite component community (Holmes and Price 1986, see Poulin 2001 for a review). These classifications demonstrate to be very helpful for investigation as the effect of different factors may be identified at different levels. While the effect of host factors, i.e. sex and age, are more prone to act at infracommunity level, environmental factors can shape difference between component communities.
Ecological studies also involve the evaluation of richness and species diversity within the helminth community. Several indices have been proposed to this aim (e.g., see review by Poulin 2001) . For example, a very simple index to evaluate the species richness is offered by the number of the species involved. However, it cannot explain the distribution of the species within a given area, as it gives equal weight to all taxa (Oindo 2001) . On the other hand, diversity indices are more reliable, as they consider both the number of species collected and the parasite abundance in each area (Magurran 1988) .
Many studies on the parasite ecology of wild mammals have been reported so far (e.g., Pence and Windberg 1984 , Pence 1990 , Zaffaroni et al. 1996 , Roberts et al. 2002 , Manfredi et al. 2003b , Matthee et al. 2004 , Segovia et al. 2004 , Eira et al. 2006a . For instance, studies on helminth communities of coyotes (Canis latrans) in North America indicate both extrinsic (i.e., season) and intrinsic factors operating independently or in combination on the structure of the parasite community and on the distribution of certain species (e.g., Pence and Windberg 1984) . A similar approach could be used also to assess infracommunity and community structure of helminths in foxes, and to provide epidemiological comparisons as these canids are ecological equivalents.
Vulpes vulpes (L., 1758), the red fox, is one of the most common wild carnivores nearly all over Italy. This species shows great ecological plasticity and a variable diet partially including human food sources such as cultivated fruits or rubbish, and even domestic animals (Cagnacci et al. 2003 , Marinelli et al. 2003 . Their high adaptability allows red foxes to colonize all the Alps and any environment within this area. They colonize both rural and urban areas, and small or medium villages located in mountain areas (Lucherini et al. 1995 , Richards et al. 1995 , Hofer et al. 2000 , Deplazes et al. 2004 . In some Alpine localities fox populations are influenced by the growing pressure of tourism, which implies both direct and indirect interactions between them and humans Rosa 1991, Guglielmi et al. 2003) , and can mean hazardous situations when foxes harbour potentially zoonotic parasites (Guberti and Poglayen 1991 , Pozio 1991 .
There are few reports concerning the structure of helminth communities of the fox (e.g., Richards et al. 1995 , GortBzar et al. 1998 , Segovia et al. 2004 ; moreover, most of those concerning the European fox population have been aimed at determining the presence of parasites that represent a risk for public health, in particular Echinococcus multilocularis (e.g., Deplazes et al. 2004 , Manfredi et al. 2004 . In Italy there have been sporadic reports on the parasite populations in foxes, all of them carried out on a limited number of animals coming from a defined area (Soldati et al. 1976 , Rossi et al. 1983 , Poglayen et al. 1985 , Stancampiano et al. 1998 . All these studies show low attention to the factors shaping the structure and composition of the parasite communities; as a result, we do not know whether parasite species occur due to environmental differences or to differences in the structure of fox population. An important implication can derive from a different approach which can also represent a first step in managing zoonotic parasite infections.
The aim of the present study was to evaluate the contribution of both extrinsic and intrinsic factors in shaping the structure and composition of the intestinal helminth communities of red foxes from five areas of the Italian Alps. In particular, we investigated whether a helminth community is shaped by environmental variability, or by a difference in the structure of fox population.
Materials and methods

Sample collection
From 1998 to 2006, we examined a total of 645 foxes (285 males, 211 females, and 149 specimens of undetermined gender) from the following regions: Trentino Alto Adige (provinces of Trento, n = 181, and Bolzano, n = 299), Veneto (Belluno province, n = 79), Valle d'Aosta (Aosta province, n = 38), Lombardia (Bergamo, Brescia, Como, Sondrio and Varese provinces, n = 48) (Fig. 1) . These animals were found either naturally dead or hunted according to national law no. 157/92 and regional regulations in areas situated between 100 and 2,200 m a s.l.
Their carcasses were brought to the provincial offices of the Veterinary Public Health Services (Zooprophylactic Institutes), where the small intestine was taken from each fox. All samples were sent to the Faculty of Veterinary Medicine of Milan (DIPAV). The samples were frozen (at least 2 weeks at -80°C and then at -20°C) and were left overnight at room temperature before being examined to reduce any risk of infection for laboratory staff. Parasites were isolated using the sedimentation and counting technique (SCT) on intestinal contents, as described by Hofer et al. (2000) . The parasites were preserved in 70% ethanol before being clarified or stained and identified using a light microscope (Zeiss Axioscop).
Data on individual foxes were collected (finding area, altitude and date, sex, age, cause of death); the samples were grouped according to their province of origin, but the samples from Lombardy, whose data were pooled due to the low number of foxes examined per province.
Out of 330 foxes of which age was determined, 40 were classified as very young (cubs), 77 as young and 213 as adult considering their individual dentition and teeth wear together with their body size.
As to the finding dates (n = 528), data were subdivided into 4 seasonal periods: winter (December-February) n = 131; spring (March-May) n = 69; summer (June-August) n = 159; autumn (September-November) n = 169. While considering the finding altitude (n = 433), data were grouped into four classes: 1, 0-500 m (n = 40); 2, >500-1,000 m (n = 143); 3, >1,000-1,500 m (n = 195) and 4, >1,500 m (n = 55).
Analytical methods
Epidemiological indices (mean abundance, mean intensity, and prevalence) were calculated for each taxon of helminth (Bush et al. 1997) . The degree of parasite aggregation is expressed by the k parameter estimated through maximum likelihood function (Wilson et al. 2002) . Diversity indices were used to evaluate species richness and diversity in the helminth communities. For each fox group the following diversity indices were calculated (Magurran 1988 
) (n i is the worm burdens of species i and N is the total worm burden) corresponds to the proportion of individuals in the species i. This index calculates the probability that 2 randomly selected individuals in the community belong to the same category and ranges from 0 and 1.0.
Diversity index of Shannon: H′ = -Σ p i log 2 p i (where p = n i /N). This assumes that individuals are randomly sampled.
Evenness of the abundance of species for Shannon's index: E H′ = H′/ln S. This parameter measures the equitability of distribution for individuals of the same species and ranges from 0 and 1.
Richness, using Menhinick's richness index: R = S/√N, where S is the number of species recorded within a province, while N is the total worm burden in the same area.
Moreover, we used Thul Importance index (Thul et al. 1985) to classify helminth communities hierarchically. The Importance value (It) was calculated for each of the helminth taxon by the formula: It j = (M j ) A j B j /Σ A j B j * 100, where M j = maturity factor equals 1.0 if mature specimens were found or 0 if they were absent, A j = number of individual parasites in species j, B j = number of hosts infected by parasites species j. This index weighting simultaneously by prevalence and abundance classify the species as either: dominant (It>1), species strongly characteristic of the community; codominant (0.01<It<1), species contributing significantly to the community, though to a lesser degree; subordinate (0<It<0.01), species occurring infrequently that may develop and reproduce but do not contribute significantly to the community; unsuccessful pioneer (It = 0), species characteristic of another host that gain access to the host but do not mature or reproduce and contribute little to the community.
Statistical analysis
To identify the influence of the characteristics of the host such as sex and age, together with extrinsic factors, e.g., year, site, season, and altitude, on (i) number of species, (ii) total load per fox, (iii) prevalence and abundance of each parasite species, general linear models (GLMs) were performed. Maximal model containing up to all second order interactions was fitted and the minimal adequate model, i.e. the model including factors and interactions that best contribute to explain data variation, was obtained through deletion test (McCullagh and Nelder 1983, Crawley 2002) . According to the distribution of response variable the following error structure and link function were used: for the aggregate distribution of the parasite species, abundance was analyzed by modified negative binomial GLM with log-ratio link function (McCullagh and Nelder 1983) . Prevalence was analysed by classifying each fox either positive or negative to the infection of parasites, so logistic regression with binomial error structure and logit link function was used. Finally, the number of species was analysed fitting a Poisson error distribution with a log link function. The distribution of parasite intensity was tested if significantly differing from negative binomial through nb.fit function under S-PLUS 6.1.2 (developed by Darren Shaw). The parasite aggregation is expressed by the parameter k computed by the same function through maximum likelihood methods. The 95% confidence intervals for prevalence was calculated according to the method proposed by Wilson (1927) , and revised by Newcombe (1998) .
All statistical analyses were performed with S-PLUS 6.1.2 software packages.
Results
Composition of the intestinal helminth fauna
Out of 645 red foxes examined, 100 showed no intestinal helminths, while 545 animals (84.5%; 95% CI: 81.5-87.1%) resulted infected by one or more parasite species with a total of 17,144 parasites collected (Table I) At individual host level, the evaluation of infracommunity structure gave the following results: 7.9% (95% CI: 6.1-10.3%) of the examined foxes harboured only cestodes while 35.2% (95% CI: 31.6-38.9%) had only nematodes; 40.0% (95% CI: 36.3-43.8%) showed both cestodes and nematodes, and respectively 1.7% (95% CI: 1.0-3.0%) had cestodes and 1 nematode species, 29.8% (95% CI: 26.4-33.4%) cestodes and two nematode species, 7.3% (95% CI: 5.5-9.6%) cestodes and 3 nematode species, 1.1% (95% CI: 0.5-2.2%) cestodes and 4 nematode species, 0.2% (95% CI: 0.03-0.9%) cestodes and 5 nematode species. Finally, 1.4% of the samples (95% CI: 0.7-2.6%) had cestodes, nematodes, and trematodes.
Helminth community patterns in the five study areas
The total prevalence calculated in the different provinces ranged from 79.3% (Bolzano province) to the maximum 97.4% (Aosta province) and 95.5% (Lombardy region) (Table  II) . On the basis of hierarchical categories derived from values of Thul Importance index, several differences inside the parasite communities' structure were noted. As dominant species (It>1) resulted M. lineatus, T. crassiceps, T. canis, U. stenocephala, P. affinis (except for Bolzano where the last species was codominant, 0.01<It<1). Wherever E. multilocularis was present (Bolzano province), it gave a significant contribution to the parasite community (codominant species). The other helminth populations did not contribute significantly to the communities (subordinate species and unsuccessful pioneer).
In Table III the values calculated according to different indices are presented, reflecting various aspects of diversity at the infracommunity level and at the component community level (parasites within the study areas).
The highest species richness was recorded in Lombardy and in the province of Belluno (both: R = 0.15), even though they did not have the highest number of parasite species collected (6 vs 12 in Trento province); these same areas registered the highest values of dominance (D = 0.29 and D = 0.34, respectively). The highest species diversity was recorded in Trento and Aosta provinces (H′ = 2.20 and H′ = 2.19, respectively).
At the infracommunity level, the number of parasite taxa collected per host showed significant differences among years and areas, with the highest values registered in Aosta region, and the lowest ones in Bolzano province. Moreover, the areas showed a different variation between them with respect to the years. The age was the only significant host factor (Table IV) .
Similarly, area and year of sampling showed a significant influence even on total parasite load, with the highest values in Aosta region and the lowest in Bolzano; no effect by host factors was observed (Table V) . 
Factors affecting single parasite species
The distribution of each parasite species was aggregated within the entire fox population (Table I ). The analysis of factors influencing both prevalence and abundance of infection of the dominant species revealed the preponderance of extrinsic factors on intrinsic ones. In particular, geographical areas influenced prevalence and abundance of every parasite species, showing high spatial variability. Except for T. canis, year and season of collection influenced abundance, but not prevalence of parasites; the only T. crassiceps evidenced seasonal differ-306 A -mean abundance, It -Thul Important index, P -prevalence, SD -standard deviation. ence as to prevalence. Further, abundance of all species except U. stenocephala was influenced by the altitude of collection which linked to a lower degree of urbanization.
The host factors had a lower influence with respect to extrinsic factors, and age or sex of the fox influenced only abundance of 3 parasites (age: T. crassiceps, M. lineatus, P. affinis; sex: T. crassiceps, M. lineatus, T. canis), suggesting that host dynamics play a trivial role with respect to spatial variability in determining parasite abundance (Appendices 1 and 2).
Discussion
The results of this study (i) pointed out high prevalence of intestinal helminth infections in the Italian Alpine fox, (ii) confirmed the typical composition of parasite fauna within fox populations, (iii) underlined local differences concerning distribution and abundance of the parasite species.
This pattern could be due both to intrinsic and extrinsic factors such as environment, demographics, physiological and/ or immunological characteristics of host subpopulations (Pence and Windberg 1984). The results obtained through our investigation highlight the major role of extrinsic factors vs intrinsic ones.
Helminth community patterns in the five study areas Diversity indices allow a better understanding of certain differences in the helminth communities. It is interesting to note that areas where the highest parasite richness and dominance were found (Belluno province and Lombardy) did not correspond to the area where the highest total number of species was collected (Trento province). This demonstrates that both the number of species and the parasite abundance play an important role in the community structure. In fact, these indices are based on the proportional abundance of species -in particular, of the most common species as to dominance measurement -and they are more sensitive measure of richness and diversity of a community, rather than merely measure of the number of species in a single unit. At the infracommunity level, we found the maximum number of species per host (6) in the provinces of Trento and Aosta, the latter only showing the highest mean species (3.08). Neither was a correlation found between richness and diversity indices of helminth communities and prevalence, nor a real correspondence between the parasite species number and the number of samples collected in each area. This even though total species richness is known to depend upon host sample size (e.g., Walther et al. 1995) .
Dominant role within the communities was demonstrated for T. crassiceps, M. lineatus, T. canis, U. stenocephala and P. affinis. However, hierarchical differences were observed among individual provinces. Uncinaria stenocephala exhibited the highest dominant index in all the areas except for Bolzano province, where T. canis resulted to be the most relevant species. The importance of cestodes in the intestinal helminth fauna of V. vulpes is likely due to the diet of this carnivore in Alpine areas, which includes small and medium sized mammals (Bertolini et al. 2001 , Cagnacci et al. 2003 , intermediate hosts for the larval stages of cestodes.
Interestingly, E. multilocularis was found only in the eastern province of Bolzano (Manfredi et al. 2003a , Manfredi et al. 2004 . In fact, all the foxes infected (5) with E. multilocularis came from localities situated near the Austrian border, at altitudes between 1,000 and 1,600 m. The parasitological data show a very scanty spreading of E. multilocularis infection in the entire study area (0.8%). However, where recorded, it does not play a marginal role in the helminth community. The worm burden (8-100 specimens) in our foxes is much lower than that surveyed, for instance, in Switzerland, where 31% out of 133 infected foxes indicated burdens between 1,000 and approximately 57,000 worms (Hofer et al. 2000) . Previous studies of foxes from the Alpine area argued that these animals can take over vast territories -home ranges varying from 107 ha and 170 ha -and their nocturnal movement is mainly directed down in the valley to the villages with a plentiful supply of food such as cultivated fruits, rubbish, and even domestic animals (Boitani and Vinditti 1988, Cagnacci et al. 2003) . The presence of foxes on pastures at higher altitudes is associated with their diurnal movement and refuges. Considering the spatial behaviour of this canid and its range of movement in the alpine habitat, E. multilocularis, seems to have been introduced by infected foxes immigrated from nearby Austria, where the parasite is endemic. However, the results of PCR analysis and a retrospective study on historical data about human cases in Tyrol considered the probable presence of an autochthonous life cycle of the parasite in some valleys of Trentino Alto Adige region (Manfredi et al. 2004 , Casulli et al. 2005 .
As regard to P. affinis, it was first recorded by Iori and Leto (1990) in the Italian regions of Lombardy, Trentino and Veneto, and later it was observed in the eastern regions (Stancampiano et al. 1998) . Our data confirm the presence of this 307 parasite in Lombardy, Trentino and Veneto, and also its geographical distribution to include Aosta Valley region. The latter, compared with other Italian Alpine regions, shows a rather dry climate since its high mountains create a barrier to the wetter weather from the west. In particular, its central part included between the village of Saint-Vincent and the regional capital, Aosta, undergoes an average rainfall less than 600 mm per yr. Just here we recorded the highest values of prevalence and abundance of the parasite. In agreement with our observations, it can be reminded that P. affinis seems to be particularly associated with a semiarid habitat (GortBzar et al. 1998) , which can at least partially explain the data recorded.
Factors affecting single parasite species
General linear models revealed some environmental factors influencing mean abundance and prevalence of the parasites. First, the composition of helminth communities can vary according to geographical areas. Second, the altitude seems to affect cestodes and T. canis and P. affinis. Third, a seasonal dynamic of some parasites is likely. In fact, U. stenocephala and P. affinis were more abundant in summer. U. stenocephala has a direct life cycle and the infection occurs via oralingestion of free-living larvae (L 3 ). Temperature represents a limiting factor. This parasite developing time, from its hatching to its infective stage, is inversely proportional to the temperature (Gibbs and Gibbs 1959) . For instance, its abundance increases between July and September in open areas (Urquhart et al. 1996) . Mesocestoides lineatus and T. crassiceps were more frequently observed in summer and in autumn respectively, as small mammals, i.e. paratenic or intermediate hosts, are more common in the diet of Alpine fox population in these periods (Bertolini et al. 2001 , Cantini 1991 .
Differences were, however, recorded in the age of infected foxes, as young individuals generally harboured more parasites than the adults. Particularly, differences emerged for U. stenocephala, perhaps due to the inefficient immunity of young foxes and to their greater exposure to the various stages of infections (Richards et al. 1995, Suchentrunck and Sattmann 1994) .
Generally speaking, the intestinal helminth fauna of foxes of the Italian Alps appears to be abundant and characterized by species already considered typical. Nonetheless, in our present study we were able to highlight the significant prevalence of P. affinis in the more western fields of the Alps and to record for the first time the presence of the nematode O. crassispiculum and trematodes M. vulpis and P. elegans in Italy. In addition, we signalled low prevalence as to E. multilocularis and only in foxes from the Bolzano province.
Summing up, on the basis of our epidemiological data V. vulpes may constitute a reservoir of selected parasites of veterinary and public health importance in Northern Italy; we refer, for example, to T. canis, responsible for visceral and ocular larva migrans. This parasite was found to be geographically widespread and abundant in Italian fox populations, in addition to E. multilocularis which causes a much more serious zoonosis, namely alveolar echinococcosis. 
